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Foreword

The mission of the U.S. Geological Survey (USGS) isto
assess the quantity and quality of the earth resources of the
Nation and to provide information that will assist resource
managers and policy makers at Federal, State, and local levelsin
making sound decisions. Assessment of water-quality conditions
and trends is an important part of this overall mission.

One of the greatest challenges faced by water-resources
scientists is acquiring reliable information that will guide the use
and protection of the Nation's water resources. That challenge is
being addressed by Federal, State, interstate, and local water-
resource agencies and by many academic institutions. These
organizations are collecting water-quality data for a host of
purposes that include: compliance with permits and water-supply
standards; development of remediation plans for a specific
contamination problem; operational decisions on industrial,
wastewater, or water-supply facilities; and research on factors
that affect water quality. An additional need for water-quality
information is to provide a basis on which regional and national-
level policy decisions can be based. Wise decisions must be
based on sound information. As a society we need to know
whether certain types of water-quality problems areisolated or
ubiquitous, whether there are significant differencesin conditions
among regions, whether the conditions are changing over time,
and why these conditions change from place to place and over
time. The information can be used to help determine the efficacy
of existing water-quality policies and to help analysts determine
the need for and likely consequences of new policies.

To address these needs, the Congress appropriated fundsin
1986 for the USGS to begin a pilot program in seven project
areas to develop and refine the National Water-Quality
Assessment (NAWQA) Program. 1n 1991, the USGS began full
implementation of the program. The NAWQA Program builds
upon an existing base of water-quality studies of the USGS, as
well asthose of other Federal, State, and local agencies. The
objectives of the NAWQA Program are to:

» Describe current water-quality conditions for alarge part of
the Nation's freshwater streams, rivers, and aquifers.

» Describe how water quality is changing over time.

* Improve understanding of the primary natural and human
factors that affect water-quality conditions.

This information will help support the development and
evaluation of management, regulatory, and monitoring decisions
by other Federal, State, and local agenciesto protect, use, and
enhance water resources.

The goals of the NAWQA Program are being achieved
through ongoing and proposed investigations of 59 of the
Nation’s most important river basins and aquifer systems, which
arereferred to as study units. These study units are distributed
throughout the Nation and cover a diversity of hydrogeologic
settings. More than two-thirds of the Nation's freshwater use
occurs within the 59 study units and more than two-thirds of the
people served by public water-supply systems live within their
boundaries.

National synthesis of data analysis, based on aggregation of
comparable information obtained from the study units, isamajor
component of the program. This effort focuses on selected water-
quality topics using nationally consistent information.
Comparative studies will explain differences and similaritiesin
observed water-quality conditions among study areas and will
identify changes and trends and their causes. Thefirst topics
addressed by the national synthesis are pesticides, nutrients,
volatile organic compounds, and aguatic biology. Discussions on
these and other water-quality topics will be published in periodic
summaries of the quality of the Nation’s ground and surface
water as the information becomes available.

Thisreport is an element of the comprehensive body of
information developed as part of the NAWQA Program. The
program depends heavily on the advice, cooperation, and
information from many Federal, State, interstate, Tribal, and
local agencies and the public. The assistance and suggestions of
all are greatly appreciated.

Robert M. Hirsch
Chief Hydrologist






Contents

Page
Y 01 = ot TSRS 1
[F g1 [0 ot ' o OSSOSO 1
2T (0 £ o SRS 2
1V goTalaaT= gl = IS 1T o OO TR 4
YL 1 go o OO URPVRPR 4
SRS S L= i o o BTSSP 4
[TT= Lo I 0= 110 LTSRS 8
I 7= 1= 7= Y2 TSRS 8
Loads of nutrients and suspended Sediment @t fiXEA SITES.......coiveriiiriii et e e s e e e eaesbesaesrenreaennens 13
QI I 1 (0o TSSO 13
TOLAl PROSPIIOIUS ...ttt b ettt b et se e e e e e e et e h e eb e e aeeheebeehe s Rt aE e b en e e eEeebe s ResEenbenbeseens et et eneerenbesneeren 13
SUSPENAEA SEAIMIENL. ...ttt ettt et e e et eb e e ae s et ehe b e saeseeee e ee 1o 2 a e e e e e e eReeh e ek e e Rt Ae e ebensemeeneemeebenaesbesbebeseeseenbanen 14
Instantaneous concentrations and yields of nutrients and suspended SEAIMENL ..o e 14
Comparisons of concentrations in increasing streamflow with other streamflow conditions...........cccceveeevececcnncvc s 14
Nitrogen iN iNCrEaSiNG SIFEAMIIOW.......c.eiciii ettt e e e b e besaeseeseeneeseeneeneeneeaeasestesaeeeenseneenennen 14
Phosphorus in iNCreasing StrEAMFIOW ...........ciie ettt ae b e besaeseeneeseeseene e e e neeaeesenresneeeenreneenennean 16
Suspended sediment iN iNCreasiNg SLIEAMTIOW .........cciiiiiie ettt st et se et e e e e se e e e seeaeebesaesaesb e besaeseenbanes 16
Effects of land use and surficial geology ON YIEIUS. ..ot bbb e et e e e b e e bbb e s aesbeseabesean 16
(=00 [T OSSO PR 16
1 T e <o T YRS 20
S 0] 0107 Y7 21
G 1 £ 10T 22
lllustrations
Figures 1-3. Photographs showing:
1. Snowmelt runoff from the forested Trade River Basin, WiSCONSIN........cccuiiirinnennienre s 2
2. Snow and dirt in snow bank between cultivated field and Buffalo Creek in Minnesota. ..........ccoceveveeeeneceeienenicnc e 2
3. Construction activities, park, and mall parking lot adjacent to Shingle Creek in the Twin Cities
MELrOPOIItAN @rEA, IMTNNESOLA. ... eueitirtete ettt ettt sttt et be et be e e e bt eheebesaeseesbeseesee e e e eneensebeeaesaesbeabesaeseeseebeseenean 2
Figures 4-5 Maps showing:
4. Location of the Upper Mississippi River Basin study unit, focused study area, Twin Cities
metropolitan area, hydrology, selected towns, and MaOr CItIES ........ccvccveerceie s re e eens 3
5. Surficia geology, land use and land cover, and location of snowmelt runoff sampling sites in the Upper
Mississippi RIVEr BaSIN SLUAY UNIT........ccoierierieieeieeeeieseeesesteseeseesseseeassesseesessestesseseesseseesaessessessessesessesssssessessessessensessensen 5
Figure 6. Graph showing daily mean discharge, periods used to compute snowmelt loads, and sampling dates during
the 1997 snowmelt period at fixed sitesin part of the Upper Mississippi River Basin study Unit .........ccccoevveevvnienenens 12
Figures 7-9 Maps showing instantaneous:
7. Concentrations and yields of total nitrogen at sites sampled during 1997 snowmelt
runoff in part of the Upper Mississippi River Basin StUAY UNIT..........oouoeiiiiiieeeeie e 15



lllustrations—Continued
8. Concentrations and yields of total phosphorus at sites sampled during 1997 snowmelt

runoff in part of the Upper Mississippi River Basin StUY UNIt .........ccooiiriiiiiiei et

9. Concentrations and yields of suspended sediment at sites sampled during 1997 snowmelt

runoff in part of the Upper Mississippi River Basin StUAY UNIT.........ccoeverrieeeeienere e se e s s see s

Figures10-11 Box plots showing instantaneous yields of

10. Dissolved nitrate nitrogen and dissolved phosphorus for streams draining forested, agricultural,
urban, and mixed land uses and land covers, during 1997 snowmelt runoff in part of the Upper

RS S ST o] o I A= g = o PR

11. Total nitrogen and total phosphorusin permeable and impermeable deposits for streams draining

forested basins during 1997 snowmelt runoff in part of the Upper Mississippi River Basin..........ccccccoevvenincneieenn.

Tables

1. Site characteristics for streams sampled during 1997 snowmelt runoff in the Upper Mississippi River Basin .........ccccccvcveevviiennnns

2. Summary statistics of load computation for total nitrogen, total phosphorus, and suspended sediment during 1997

and 1997 snowmelt runoff in Upper Mississippi River Basin StUAY UNit..........cooiiiiioiiieieinne e

Conversion Factors, and Abbreviated Water-Quality Units

Multiply inch-pound unit By To obtain metric unit
inch (in.) 254 centimeter
ounce avoirdupois 28.35 gram
square mile (mi?) 259.0 hectare
pounds per square mile per day (Ib/mi?%/d) 175 kilograms per square kilometer per day
tons .907 metric tons

Chemical concentrations of substances are given in metric units of milligram per liter (mg/L). Milligrams per liter express the
concentrations of the chemical constituent as a mass (mg) per unit volume (L). One milligram is one-thousandth of a gram.

Vi



Nutrients and Suspended Sediment in Snow-
melt Runoff from part of the Upper Mississippi
River Basin, Minnesota and Wisconsin, 1997

by James D. Fallon and Ryan P. McNellis

ABSTRACT

The U.S. Geological Survey sampled snowmelt runoff
from 42 stream sites during March and April 1997 in part
of the Upper Mississippi River Basin, Minnesota and Wis-
consin, to characterize nutrient and suspended-sediment
concentrations, yields, and loads. Ancillary datafrom 12
sites provided data to estimate constituent loads delivered
during snowmelt and 1997. The snowmelt period contrib-
uted from 1 to 50 percent of 1997 annual loads of total
nitrogen, total phosphorus, and suspended sediment at
small stream sites, and 17 to 70 percent of annual |oads at

mainstem river sites. Small streamsin agricultural areas
transported the greatest proportions of annual loads during
snowmelt. Snowmelt from urban streams transported the
least proportions of annual loads. Agricultural streams had
significantly greater median yields (p < 0.025) of dissolved
nitrite, nitrate, phosphorus, orthophosphate, total nitrogen,
and total phosphorus than forested sites, and significantly
greater median yields (p < 0.025) of dissolved nitrate and
orthophosphate than all other land uses. In forested areas,
yields of suspended sediment and all nutrient forms were
significantly greater (p < 0.05) for streams draining imper-
meabl e deposits than permeable deposits.

INTRODUCTION

Water-quality degradation result-
ing from excessive nutrient and sus-
pended-sediment transport is well
known; however, therole of snowmelt
runoff in transporting these constitu-
entsisless understood. Nutrients and
suspended sediment are carried in
streams all year, but increased con-
centrations and loads are associated
with certain seasons and land uses. In
temperate areas with seasonal snow
and ice cover, spring snowmelt trans-
ports nutrients and sediment that have
accumulated during the winter, adding
to relatively constant sources such as
ground water and wastewater treat-
ment plants (WWTP). Forested areas
may contribute nutrients and sus-
pended sediment from decaying forest
litter, wetlands, and eroding stream
banks (fig. 1). Agricultural sources
include material eroded by wind and
water from cultivated fields, feedlots,
and ditches (fig. 2). Urban sources
include lawns, roads, parking lots, and
winter construction activities (fig. 3).

The quality of runoff from these land
uses may also depend on surficial
geologic characteristics or soil materi-
as. For example, fine-grained surfi-
cial materials aretypically less
permeable and can contribute more
fine-grained sediment to streams than
coarse-grained, permeable deposits.
As nutrients and sediment are trans-
ported by runoff from these land-
scapes, constituent loads (or mass of
constituentstransported by astreamin
a specified time) can increase by
orders of magnitude because both
concentrations of constituents and
rates of streamflow increase simulta-
neoudly.

During snowmelt runoff, the
forms and concentrations of nutrients
and suspended sediment carried by a
stream vary with streamflow condi-
tions. Immediately preceding snow-
melt runoff streamflow is generally
low; consequently, principal sources
of nutrientsmay include ground-water
discharge and WWTP effluent, in
which soluble forms of nitrogen and
phosphorus dominate. When snow-

1

melt begins, streamflow and stream
energy increase, as do concentrations
of suspended sediment (and associ-
ated nutrients) (Guy, 1970). During
the first few days of snowmelt,
streams may carry substantial
amounts of fine-grained sediment asa
result of mass wasting and freeze-
thaw cycles (Guy, 1970). Concentra-
tions of suspended sediment generally
peak on the rising limb of the
hydrograph, before the streamflow
peak, although characteristics of indi-
vidual basins and runoff events affect
this phenomenon (Guy, 1970). Partic-
ulate concentrations commonly
decrease during the streamflow peak
and recession because of decreased
availability of source material, dilu-
tion by ground water and shallow sub-
surface flow, and decreased stream
energy available for transporting sus-
pended material.

Increases in streamflow and nutri-
ent and suspended sediment loads are
apt to be more homogeneous across a
region as aresult of snowmelt than
from rainfall. Snowmelt runoff typi-



Figure 2.--Snow and dirt in snow bank between cultivated field and Buffalo
Creek in Minnesota.

Figure 3.--Construction activities, park, and mall parking lot adjacent to Shingle
Creek in the Twin Cities metropolitan area, Minnesota.

cally results from warm conditions
across alarge area of relatively uni-
form snow pack that has accumulated
during the winter. Rainfall runoff typ-
ically isless spatially and temporally
homogeneous. Consequently, spring
snowmelt offers the best opportunity
to make comparisons of nutrient and
sediment concentrations between
many streams sampled simulta-
neously under high flow conditions.

Background

Little information exists to assess
comparable |loads and yields (mass
transported by stream per unit time
divided by the basin drainage area), of
nutrients and suspended sediment
from snowmelt runoff in streams
across the Upper Mississippi River
Basin, Minnesota and Wisconsin (fig.
4), although selected areas have been
investigated in separate studies. In
Twin Cities metropolitan area
(TCMA) streams, Oberts (1990)
found maximum concentrations of
soluble congtituents, such as nitrate,
occurred during theinitia increase on
therising limb of the snowmelt
hydrograph; whereas concentrations
of particulate constituents peaked
later. In the Minnesota River Basin,
Payne (1994) noted that maximum
concentrations of suspended sedi-
ment peaked immediately before the
streamflow peak, although these data
were for rainfall runoff. Grazyck
(1986) noted that loads of suspended
sediment, total nitrogen, and total
phosphorus were greatest during
March through May in the St. Croix
River at St. Croix Falls, Wisconsin,
based on data from 1974-83. No sepa-
rate analysis was made of snowmelt-
runoff data.

In the spring of 1997, snow cov-
ered much of the Upper Mississippi
River Basin, setting the stage for
spring floods. Four factors contrib-
uted to these floods (Minnesota State
Climatology Office, 1997): heavy
autumn precipitation in 1996, extraor-
dinary winter snowfall, rapid snow-
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melt conditions, and heavy early
spring precipitation. Autumn precipi-
tation in 1996 was in the 951 percen-
tile for most of Minnesota, resulting
in above-median streamflowsin the
fall and winter. Heavy winter snow-
fall ranged from the 501 to 99" per-
centile based on 1931-91 records.
Water equivalents of the snowpack in
February 1997 ranged from 1in. in
the southern Minnesota River Basin to
8 in. in the headwaters of the Minne-
sotaand Mississippi Rivers. Snow-
pack in the headwaters of the St.
Croix River Basin had awater equive
lent of 5-7 in. (National Weather Ser-
vice, 1997). Winter and early spring
had few melting days, and an abrupt
warming trend occurred thefirst week
of April coinciding with as much as
3.63in. of rainin parts of the basin on
April 5 and 6. These conditions
resulted in near record streamflow for
many streams. The third to fifth
greatest recorded streamflow peaks
occurred on the Mississippi River
near Anoka and St. Paul, the Minne-
sota River near Jordan, and the Sauk,
Crow, and Snake Rivers. Peak flows
were more normal in the extreme
southern part of the study unit
because of an earlier and more grad-
ual snowmelt.

The lack of information on snow-
melt runoff and the deep snowpack of
1997 in the Upper Mississippi River
Basin led to a study of nutrients and
suspended sediment in snowmelt run-
off. The study was part of the U.S.
Geological Survey’s National Water-
Quality Assessment (NAWQA) Pro-
gram. Goalsof the NAWQA Program
(Gilliom and others, 1995), which
began full implementation in 1991,
areto (1) describe the water quality in
alarge part of the Nation’s freshwater
streams and aquifers; (2) describe
water quality changes over time; and
(3) improve the understanding of how
physical, ecological, and human fac-
tors, including land use, affect water
quality. The Upper Mississippi River

Basin study unit of NAWQA encom-
passes the Upper Mississippi River
Basin upstream from the outlet of
Lake Pepin (fig. 4).

The purposes of the study were
to: (1) compare the proportions of
total nitrogen, total phosphorus, and
suspended-sediment loads contributed
during the 1997 snowmelt to annual
loads; (2) characterize instantaneous
concentrations and yields of nutrients
and suspended sediment in streams
during increasing streamflow condi-
tions from snowmelt runoff; and (3)
comparethe concentrationsand yields
for streams draining different land
uses and surficial deposits.

The study was conducted in part
of the Upper Mississippi River Basin
NAWQA study unit (fig. 4) during
March and April 1997. Sampling tar-
geted a smaller focused study areain
the southeastern one-third of the study
unit (fig. 4) which included all of the
. Croix River Basin, the Mississippi
River Basin from Royalton, Minne-
sotato Lake Pepin, and a part of the
Minnesota River Basin. Twenty sites
were sampled in the St. Croix River
Basin, 3 in the Minnesota River
Basin, and 19 aong the Mississippi
River mainstem and its tributaries
(fig. 5). The purpose of thisreport is
to present the results of the study.

Environmental Setting

Land use and land cover, herein-
after referred to asland use, in the
Upper Mississippi River Basin study
unit and the focused study arearanges
from relatively undisturbed second-
growth forests and wetlands in the
north to intense row crop (mostly corn
and soybean) agriculture, dairy farms,
and feed lots in the south and west
(fig. 5). The seven county TCMA,
with a population of 2.3 million peo-
ple (U.S. Bureau of Census, 1991),
overlays this land-use continuum in
the southeast part of the focused study
area.

Surficial geology is characterized
by relatively permeable fluvial depos-
its of outwash or alluvium, hereinafter
referred to as permeable deposits, and
by relatively impermeable deposits of
glacial tills or lake sediments, herein-
after referred to asimpermeable
deposits. Permeable deposits are
composed of sorted sand and gravel.
Impermeabl e deposits are composed
of unsorted mixtures of fine-grained
(less than 0.063 millimeters) clay and
silt, and coarser-grained sand, gravel,
and larger particles; or sorted siltsand
clays. Soils developed on fine-
grained, unsorted impermeabl e depos-
its often are more vulnerable to ero-
sion than coarser-grained, sorted
permeabl e deposits (U.S. Department
of Agriculture, 1978 and 1979). Dis
tribution of these surficial depositsis
complex, but generally, permeable
deposits dominate the Wisconsin part
of the upper St. Croix River Basin,
and the Sunrise, lower Rum, Elk,
North Fork Crow, and Vermillion
River Basins (fig. 4 and 5). Imperme-
able deposits compose most of the
rest of the focused study area. Land
use and land cover, and surficial geol-
ogy are discussed in more detail in
Stark and others (1996).

METHODS

This section summarizesthe
methods used to select sampling sites,
sample, and analyze data. Methods
and protocols of the NAWQA Pro-
gram were used as cited unless noted
otherwise.

Site Selection

Twelve sampling sites were part
of aregularly sampled network of
Upper Mississippi River Basin
NAWQA sites, referred to as fixed
sites (fig. 5, table 1). At fixed sites,
ancillary data from analyses of sam-
ples collected monthly or more fre-
guently during 1996-98 were used to
interpret results from this study and to
estimate nutrient and suspended-sedi-
ment loads. Fixed sites were located
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Table 1. Site characteristics for streams sampled during 1997 snowmelt runoff in part of the Upper Mississippi River Basin
[Bold text indicates fixed site (figure 5); mi?, square mile]

Land use (percentl)

Map
L ) ; o Drainage
\dentifier ~ Site Site name Latitude  Longitude Dominant surficia Urban Agriculture Forest Water Wetland Other agz
(shownin identifier geology area (mi<)
figure 5)
1 05267000 g SIPPHRIVErnearROYallon.  ygosy: g 094%21'30"  Outwash-Alluvium 06 25 49 86 16 09 11600
05270500 Sauk River near St. Cloud, Minn.  45°33'35”  094°14'00” Outwash-Alluvium 0.1 1,030

05276005 North Fork Crow River above 45°22'38"  094°%47'00° Outwash-Alluvium
Paynesville, Minn.

05278590 ,\SAOILr‘]t: Fork Crow River al BISC),  y105011»  094917'16” Till plain-L ake sediment

11 05287890 Elm Creek near Champlin, Minn.  45°09'48”  093°26'11” Till plain-Lake sediment

05288705 OnindleCreekal Queen Avein  joonany  (093018'36"  Outwash-Alluvium
Minneapolis, Minn.

15 05330000 m::g‘maR"’er near Jordan, 42041°35"  093°38'30" Till plain-L ake sediment 02 16200

Mississippi River below Lock & On 1 Aa -
17 05331580 Dam #2 2t Hastings, Minn. 44°44' 48" 092°51'08" Till plain-Lake sediment 0.4 37,000

05331833 \amekagonRiveratLeonards,  js01y 160 (091019'50" Outwash-Alluvium

Wis.
21 05333500 St Croix River near Danbury, Wis. 46°04'28”  092°14'50" Outwash-Alluvium 0.3 1,510

9 05280000 Crow River at Rockford, Minn. 45°05'12"  093%44'02" Till plain-Lake sediment 1.4




Table 1. Site characteristics for streams sampled during 1997 snowmelt runoff in part of the Upper Mississippi River Basin (Continued)
[Bold text indicates fixed site (figure 5); mi?, square mile]

Land use (percentl)

Map

i ifi i i ici Drainage
|dent|f|q . S|t_e. Site name Latitude  Longitude Dominant surficia Urban Agriculture Forest Water Wetland Other agz
(shownin identifier geology area (mi?)
figure 5)

23 05335170 fﬂri‘:]?]ked Creek near Hinckley, 46°00'42"  092°31'45" Outwash-Alluvium 0 18 69 14 12 0 o4

25 05336700 ,\Kﬂﬂf River below Sandstone,  yaone o 092951'50"  Outwash-Alluvium 05 53 18 01 868

27 05338975 \NVOodRivera StateHighway 70 \corgonn  09204229"  Outwash-Alluvium

near Grantsburg, Wis.

29 05340370 Trade River near Trade River, Wis. 45°35'58”  092°46'02” Outwash-Alluvium

St Croix River tributary near
Osceola, Wis.

31 053405524 45°20'52"  092°40'55"  Till plain-Lake sediment

05344490 <. Croix River at Prescott, Wis.  44°44'57"  092°48'16”  Till plain-Lake sediment 0.2 7,690

0.2

44°36'36" 092°36'36" Till plain-Lake sediment 2.3 62 22 4.8 7.8 0.4 46,800

33 05341500 AppleRiver near Somerset, Wis.  45°09'27”  092°42'59” Till plain-Lake sediment 05

35 05341740 Willow River at Burkhardt, Wis.  45°01'30"  092°39'23" Outwash-Alluvium

37

39 05353800 Straight River near Faribault, Minn. 44°15'29”  093°13'51" Till plain-Lake sediment

Mississippi River at Red Wing,
Minn.

41 05355250

centages associ ated with each site may not total 100 percent because of rounding.



on either small streams or large main-
stem rivers. Fixed sites on small
streams, with drainage areas of 28.2 to
232 mi?, were located downstream of
apredominant land use—either for-
ested, agricultural, or urban. Because
water quality from these streamsis
indicative of a predominant land use,
they are referred to asindicator sites.
Fixed sites on mainstem rivers,
including the Mississippi, Minnesota,
and St. Croix Rivers, drained large
areas (1,510 to 46,800 mi?). These
siteswere located at transitional areas
of rivers, such as at the transition
between forested and agricultura
areas or between agricultural and
urban areas. Because water quality at
these sites represents integrated
effects from large areas and some-
times varying land use, they are
referred to as integrator sites.

Thirty additional sites, referred to
as synoptic sites, were selected to
encompass combinations of land use
and surficial geology common in the
focused study area (figs. 4 and 5).
Twenty-four synoptic sites repre-
sented the only sampling location on a
particular stream. Larger tributaries
had multiple sites. Drainage areas
upstream of synoptic sites ranged
from 10.0 to 7,690 mi2. To supple-
ment this analysis, datafrom Elm
Creek near Champlin, Minnesota (site
11, fig. 5) were included because sam-
ples were collected using similar pro-
tocols and were analyzed for similar
congtituents. Although technically
not part of this study, that siteis
included as one of the 30 synoptic
sites.

Percentages of land use (forested,
agricultural, urban, wetland, water, or
other, which includes rangeland) and
surficial geology (permeable or
impermeabl e deposits) were com-
puted for basins upstream of each site.
Streams were classified by the pre-
dominant land use and surficial geol-
ogy of each basin. Streamswere
classified as forested if they drained

more than 65 percent forests and wet-
lands; agricultural if they drained
more than 80 percent agricultural
area, urban if they were located in the
TCMA and drained more than 5 per-
cent urban area, and mixed if they fell
between these categories (36-75 per-
cent agricultural, 22-59 percent forest
and wetlands, and 0-5 percent urban).
No urban sites were located down-
stream of WWTPs. Ten stream sites
were classified as forested, 13 as agri-
cultural, 5 as urban, and 14 as mixed
land use. Similarly, streamswere
classified asdraining either permeable
or impermeabl e geologic depositsif
they drained more than 50 percent of
each respective deposit. Twenty-two
stream sites were classified as drain-
ing permeable geol ogic deposits and
20 were classified as draining imper-
meable deposits. Selected streams
draining small basins were sasmpled to
account for combinations of land use
and surficial geology that did not exist
in larger basins, such as urban or for-
ested areas in permeabl e deposits.
Characteristics of stream sites sam-
pled in thisinvestigation are given in
Stark and others (1999).

Field Methods

At fixed sites, samples were col-
lected and processed using NAWQA
protocols (Shelton, 1994). Additional
samples were collected at these sites
before and after the increasing stream-
flow of snowmelt runoff so that con-
centrations and yields associated with
increasing streamflow conditions
could be compared to concentrations
and yields associated with other
streamflow conditions during snow-
melt.

At the 30 synoptic sites, samples
were collected and processed using
modified equipment and protocolsto
shorten sampling times and increase
sampling coverage. Modifications
included: reducing the number of
equal-width-increment sampling
transectsfrom 10-20 to 3-5; collecting
suspended-sediment samples separate
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from nutrients; and splitting compos-
ite samples for total nutrients by mix-
ing and pouring from 3-liter
polypropylene bottlesinstead of using
cone splitters. When two or more
sites were sampled with the same
equipment on the same day, equip-
ment was triple rinsed with both
deionized water after sasmpling and
rinsed with native water from each
subsequent site prior to sampling.
Equipment was cleaned according to
NAWQA protocols at the end of each
day (Shelton, 1994).

Nutrient sampleswere chilled and
shipped on ice within 48 hours to the
USGS National Water-Quality Labo-
ratory in Arvada, Colorado. Analyses
included dissolved nitrite nitrogen,
dissolved nitrite plus nitrate nitrogen,
dissolved ammonia plus organic nitro-
gen, total ammonia plus organic nitro-
gen, total phosphorus, dissolved
phosphorus, and dissolved orthophos-
phate. Sediment samples were
shipped to a USGS sediment labora-
tory in lowa City, lowa, for analysis
of total suspended-sediment concen-
tration and percentage suspended-sed-
iment material that is either fine-
grained (less than 0.063 millimeters)
or sand sized (0.063 to 2.0 millime-
ters).

Stream mixing was assessed by
taking measurements of water temper-
ature, pH, specific conductance, and
dissolved oxygen and comparing
results acrossthe stream. Stream stage
was measured before and after sam-
pling to document changing stage
conditions. Streamflow was mea-
sured at sites lacking current stage-
discharge relations or obtained from
stage-discharge relations where avail-
able. Barometric pressure was
recorded to calibrate dissolved oxy-
gen meters and to calculate the per-
cent saturation of dissolved oxygenin
streams.

Data Analysis

Total nitrogen was calculated as
the sum of total ammoniaplusorganic



nitrogen and dissolved nitrite plus
nitrate nitrogen, for use in determin-
ing concentrations, yields, and loads.
Particulate nitrogen was calculated as
total ammoniaand organic nitrogen
minus dissolved ammoniaand organic
nitrogen. Particulate phosphorus was
calculated as the difference between
total phosphorus and dissolved phos-
phorus.

Nutrient and suspended-sediment
loads at the fixed sites were deter-
mined using the U.S. Geological Sur-
vey’sESTIMATOR program (T. Cohn
and E. Gilroy, U.S. Geological Sur-
vey, written commun., 1993; Cohn
and others, 1989: Cohn and others,
1992a; Cohn and others, 1992b) by
summing the daily-mean loads of the
annual or snowmelt periods. ESTI-
MATOR computes alogarithm-linear
modd that uses a minimum-variance,
unbiased estimator to minimize error
from the retransformation bias associ-
ated with logarithm-linear regression
models and uses an adjusted maxi-
mum likelihood estimator to compen-
sate for censored values below
method reporting limits. The regres-
sion equations used in ESTIMATOR
contained some or all of the following
terms based on a statistical signifi-
cance of p < 0.05: a constant; loga-
rithm of flow, logarithm of flow
sguared, and square root of flow fits
to discharge; fractional time fits for
temporal trends; sine and cosine fits
to accommodate seasonality. Models
were calibrated with daily-mean
streamflow data and with sediment
and nutrient sample analyses from
fixed sites during 1996-98 (Mitton
and others, 1997, 1998, and 1999).

Because the accuracy of load cal-
culations depends on many factors,
including range of concentrations and
streamflow, number of samples, and
climatological conditions, the accu-
racy of the model should be consid-
ered for each site and load estimate.
For these reasons, error estimates are

presented as confidence intervals
aong with load estimatesin table 2.

Confidence intervals for the 951
percentile were computed by multi-
plying the standard error of prediction
by 1.96 (two standard deviations)
from the standard normal distribution
curve. The standard error of predic-
tionwasincludedinthe ESTIMATOR
output as the daily mean per month
and as the daily mean per year. The
g5th percentile for the annual loads
was calculated from the daily mean
per year standard error of prediction.
For the snowmelt loads the 95" per-
cent confidence interval was calcu-
lated from the daily standard error of
prediction from monthly dataand was
used in the same manner that the
monthly mean daily |oads were used
to compute snowmelt loads. Inthe
case of total nitrogen, the standard
errors of prediction were calculated
by taking the square root of the sum
of the standard error of predictions
sgquared for total nitrite plus nitrate
nitrogen and total organic plus ammo-
nia nitrogen standard errors of predic-
tion.

Annual loads were calculated for
the 1997 calendar year for the 12
fixed sites. Loads contributed by
snowmelt were based on the individ-
ua snowmelt hydrograph for each
fixed site. The snowmelt part of the
hydrograph was defined as the period
from theinitial increase in streamflow
after winter through peak flow and
part of the recession. The end of the
recession was considered to occur
when the decrease in daily mean
streamflow was less than 20 percent
of the maximum decrease in daily
mean streamflow for any three con-
secutive days during the recession.
Snowmelt hydrographs and periods
used for computing constituent |oads
are shownin figure 6. This method
worked well for 11 of 12 fixed sites.
However, at the Namekagon River at
L eonards, Wisconsin, the slope of the
streamflow recession was so flat that

the snowmelt period defined using
these methods would have been much
shorter than other sites. To make
results more comparable, the second
local maximum daily decrease was
used in place of the first maximum to
effectively lengthen the snowmelt
period. The lengths of the snowmelt
periods vary because of different
basin sizes and characteristics, snow-
pack conditions, precipitation during
snowmelt, daily temperature, land
use, and surficial geology.

For samples collected at all 42
